The peroxidized latex particles were synthesized with the use of amphiphilic polyperoxide copolymer poly [N-(t-butylperoxymethyl) acrylamide]-co-maleic anhydride (PM-MA)applied as both initiator and surfactant (inisurf) in the emulsion polymerization process. The polymerization results in latexes with a controllable amount of peroxide and carboxyl groups (both derived from PM-MA macromolecules) at the particle surface.
Introduction
It is difficult to underestimate the importance of colloidal systems in current polymer technology and the development of polymer materials including nanomaterials. To this end, constant efforts are being made in widely used in industry emulsion and suspension polymerization techniques in order to improve existing processes and develop new advanced polymers and polymer materials. Such polymerization processes usually use templates from liquid droplets stabilized by molecular surfactants to yield tailored solid polymeric nanomaterials (nanoparticles).
Over the past decade, considerable attention has been focused on surfactant-free systems [1] , as they provide an opportunity to reduce the environmental impact of polymer materials. More specifically, great attention has been drawn to Pickering emulsions, stable colloidal systems of two immiscible liquids, one of which is dispersed in the other with the help of solid particles [2] - [4] . The phenomena of particle surface activity were first described by Pickering and Ramsden [5] , [6] . Several decades later, Velev [7] , [8] proposed a mechanism of self-assembly of colloidal particles at the liquid-liquid interphase. It was established that Pickering emulsions exhibit superior kinetic and thermodynamic stability compared to conventional emulsions. The stabilization mechanism of colloidal particles is based on the reduction of interfacial tension, similar to molecular surfactants. However, compared to surfactant molecules, colloidal particles are significantly larger and that imparts specifics to emulsification process and stability profile [9] , [10] . Using a Pickering emulsion opens up a broad range of opportunities for not only improving the properties and performance of already existing polymer colloids, but also developing new polymer composite materials and nanomaterials [11] .
Colloidal structures obtained as a result of fully or partially solidifying droplets of Pickering emulsion are generally referred to as colloidosomes ( Figure 1 ). To date, there are reports in the literature of the synthesis of various types of colloidosomes, including "hairy" colloidosomes [12] , "sensitive" colloidosomes [13] , [14] , and "carbon nanotubosomes" [15] . The formation of covalently cross-linked colloidosomes via free radical and condensation polymerization mechanisms has been reported [16] - [18] as an approach for fabrication of various colloidosome morphologies, such as core-shell and capsule-like morphologies [17] , [19] , [20] . Because of the ability to finely tune colloidosome properties (density of particle packing at the surface, shell thickness and porosity, core type, composition, etc.), such structures can be engineered to efficiently encapsulate (absorb) and deliver (release) various cargos in a controlled fashion [21] . Reports show that colloidosomes can be employed as an effective encapsulation tool for drug delivery or protection of components in the food and cosmetics industries [22] - [25] . In this study, surface-functionalized (peroxidized) latex particles were applied in the synthesis of crosslinked colloidosomes. The latexes were synthesized using an amphiphilic polyperoxide copolymer acting as an inisurf (initiator and surfactant at the same time) in the emulsion polymerization process. The employed in colloidosomes synthesis amphiphilic polyperoxide copolymer poly[N-(t-butyl-peroxymethyl) acrylamide]-co-maleic anhydride (PM-MA) was recently developed in our group [27] .
It was expected that the presence of carboxyl and peroxide functional groups (both derived from inisurf molecules) on the latex particles surface would provide: i) the required surface properties of particles (hydrophilic-lipophilic balance, HLB), sustaining a Pickering emulsion mechanism for synthesis of colloidosomes [7] , [20] ; ii) the initiation of free radical reactions, polymer formation, grafting, and crosslinking within Pickering emulsion droplets [20] ; iii) an opportunity to further functionalize colloidosomes in post-polymerization reactions [20] , [27] .
It was demonstrated that the presence of functional groups on latex particle surfaces plays a crucial role in the stability of a peroxidized Pickering emulsion (by controlling the HLB) and determines success in colloidosome synthesis. By utilizing peroxide functional groups of latex particles, colloidosomes can be further modified to obtain a covalently cross-linked shell and hollow (liquid) core. acrylamide]-co-maleic anhydride (inisurf, PM-MA) was synthesized as described elsewhere [27] . All monomers were purified by vacuum distillation, other reagents and water (MiliQ, 18 MΩ) were used as received.
Materials

Methods
1. Synthesis of Peroxidized Latexes
Emulsion polymerization was carried out in order to synthesize peroxidized latex particles. Briefly, a 10 wt. % emulsion of styrene in an aqueous solution of PM-MA (1 wt. % per styrene) was prepared at pH 7.5 by magnetic stirring at 1200 rpm for 30 min. The emulsion was purged with argon under constant stirring for 20 min and subsequently placed in an oil bath heated to 85°C. The polymerization was conducted for 4 h under constant stirring (conversion up to 95%). At the end of the reaction, the latexes were cooled and placed into a 5 mL dialysis bag (50 kDa molecular cutoff). The bag was submerged into a 2000 mL beaker filled with distilled water adjusted to pH 9.5 using NaOH. At intervals of 24 h, the water in the beaker was replaced to ensure a constant high concentration gradient to improve the dialysis process. After 14 days, the peroxidized latexes were removed from the dialysis bag and stored at 4 °C.
The resulting polymer was then either i) stored at 4 °C or ii) precipitated by a freeze-thaw cycle and washed repeatedly with 0.1 N NaOH and hexane to remove non-reacted material. The resulting polymer was collected, dried at room temperature and stored at 4 °C to be used for further analysis.
2. Dynamic Light Scattering and Zeta-Potential Measurements of Peroxidized Latexes
Particle size distribution measurements were performed in dilute aqueous dispersions of latex particles using Malvern Zetasizer Nano-ZS90 at 25 °C.
The final numbers represent an average of a minimum of 5 individual measurements.
Evaluation of Carboxyl Groups Amount on Surface of Latex Particles
A potentiometric titration (back titration using 0.1 N HCl as a titrant) of peroxidized latexes was used to calculate the amount of carboxyl groups (originated from PM-MA) on the surface of latex particles.
4. Evaluation of Peroxide Groups Amount on Surface of Latex Particles
Thermal analysis of peroxidized latexes was used to calculate the amount of peroxide groups on the surface of latex particles. For this purpose, latex samples (15 mg) were heated an underlying heating rate of 10°C/min to 400°C in air using a TA Instruments Q500.
5. Colloidosomes Synthesis
Peroxidized Pickering emulsions were formed by mixing 28 g of an aqueous phase (containing 0.3 -1 wt.% of peroxidized latex particles) with 2 g of an oil phase (consisting of HD, St, DVB, and 0.06 g AIBN initiator). Mixtures of oil and aqueous phases were homogenized at 10,000 rpm in a pulsating regime (1 pulse consisting of 60 sec of homogenizing + 20 sec of rest time) for 8 min, using a T25 Ultra-Turrax homogenizer (IKA, USA).
Obtained peroxidized Pickering emulsions were transferred into a round bottom flask, purged with argon for 20 min, and subsequently polymerized at 80°C for 24h. After polymerization, colloidosomes were isolated from reaction mixture, thoroughly washed with an acetone/ethanol (1:1) mixture, and stored either under H 2 O or HD layer, or in dry state.
6. Colloidosomes Imaging
Digital images of latex particles were obtained using JEOL JSM-6490LV scanning electron microscopy.
Results and Discussion
The main goal of this work was to develop a fabrication route for colloidosome synthesis on the basis of a Pickering emulsion stabilized using peroxidized latex particles.
To achieve this goal, two objectives were detailed: i) to synthesize colloidosomes using peroxidized latex particles and ii) to investigate how the presence of hydrophilic functional groups on latex particle surfaces impacts peroxidized Pickering emulsion stability.
1. Synthesis and Characterization of Peroxidized Latexes
Amphiphilic PM-MA copolymer ( Figure 2 ) was employed in emulsion polymerization to synthesize peroxidized latex particles [27] . In order to provide particles surface activity and their ability to stabilize a Pickering emulsion in colloidosomes synthesis, these particles need to exhibit amphiphilic behaviour -i.e., to combine hydrophilic and hydrophobic molecular moieties at the surface. In the case of peroxidized latexes, hydrophilic properties are provided by hydrolysis of PM-MA maleic anhydride groups (blue area, Figure 2 ) and formed carboxyl groups of PM-MAc at pH<7 or PM-MAc(salt) at pH>7 inisurf macromolecules. Whereas non-polar PM fragments of the copolymer (orange area, Figure 2 ) and polystyrene (core material of latex) provide hydrophobic properties to the particle's surface. In order to investigate the ability to vary the amount of carboxyl groups on the surface of latex particles, and thus their surface activity, a series of peroxidized latexes were synthesized at pH 5.5, 7.5, and 9.5 using various PM-MA concentrations (0.3, 1, 2.5, 5 and 7.5 wt. % based on monomer weight). Figure 3A represents the size variations of the obtained at 85°C peroxidized particles as a function of pH and initial PM-MA concentration. In general, the size of latex particles decreases with an increasing PM-MA concentration and with decreasing pH. The latter can be explained by the fact that a higher concentration of inisurf obviously results in a larger number of micelles (nucleating sites for particle growth in emulsion polymerization), thus, a greater number of smaller particles is formed. HLB of inisurf macromolecules depends on the pH of the solution. At a higher pH, inisurf macromolecules are more hydrophilic, thus more of them are required to form a micelle (the opposite is true for lower pH). Consequently, the pH changes the total number of micelles in polymerization and results in variations in latex particle number and size ( Figure 3A) . It was confirmed that inisurf macromolecules at elevated temperatures undergo covalent attachment (grafting) to latex particle surface during polymerization [20] and [27] . Potentiometric titration of peroxidized latexes was performed in order to determine the amount of carboxyl groups on the particles' surface ( Figure 4) .
The obtained data reveal that only 60-80% of carboxyl groups in grafted macromolecules are indeed located on the particle surface. Thus a significant part of anhydride groups was localized in the particle core during the synthesis and may not undergo hydrolysis. Figure 3B shows the zeta potential measurements of peroxidized latexes, providing information on the overall effect of inisurf concentration and pH on the particle's charge. The data show that the amount of carboxyl groups on the surface of latex particles depends almost linearly on concentration of inisurf ( Figure 5B) . However, the density of the functional groups on the surface differs with inisurf concentration, possibly due to changes in latex particle size ( Figure  5A ). Figure 4 . Potentiometric titration plot of peroxidized latex (synthesized at pH 7.5 at 85°C using 1 wt. % PM-MA based on monomer weight).
We believe that the observed changes of zeta potential with respect to pH during synthesis can be explained by the fact that part of anhydride groups is not accessible for hydrolysis, as it was determined by potentiometric titration.
To this end, it is observed that increasing inisurf concentration in latex synthesis results in a significantly smaller size of the resulting particles and a larger amount of carboxyl groups on the surface. The size of particles is determined by pH during emulsion polymerization, and is also affected by the amount of carboxyl groups on the surface of particles.
As a result, a variable amount of carboxyl groups on the surface of peroxidized latex particles allows control over particle surface properties (including HLB). As the next step, colloidosome synthesis was attempted using peroxidized latex particles.
2. Colloidosome Preparation
This study employed the "soft template" approach, where liquid droplets of Pickering emulsion serve as templates for cross-linked colloidosomes synthesis [7] .
A peroxidized Pickering emulsion was composed of an oil phase from a monomer mixture, an initiator, and a hydrophobic solvent (HD) that was emulsified in an aqueous phase, where peroxidized latex particles, exclusively acting as a surface-active ingredient, were located. Once a peroxidized Pickering emulsion was formed, it was heated at 80°C to initiate free radical polymerization inside each oil droplet, yielding hollow (HD filled) colloidosomes ( Figure 6 ).
The formation and stability of a Pickering emulsion depend on the latex particles' surface activity (surface HLB). Therefore, the ability to control the HLB of the particle surface is crucial. To confirm that peroxidized latex particles can be used in Pickering emulsion formation for covalently cross-linked colloidosome synthesis, a series of peroxidized Pickering emulsions was prepared. First, the formation and stability of a series of formulated peroxidized Pickering emulsions were studied as a function of pH (Figure 8 ). It was found that there is an optimum pH range in which superior Pickering emulsion stability can be achieved. Notably, at pH < 3 and pH > 9, no emulsion formation was observed, which can be explained by either an absence (pH < 3) or an excessive amount (pH > 9) of ionized carboxyl groups on the latex particles' surface, causing the particles to coagulate due to detrimental HLB change of inisurf macromolecules acting as particle stabilizers.
Immediately after formation, a peroxidized Pickering emulsion 'creams' by floating an emulsified oil phase on top of an excessive aqueous phase ( Figure  7 ). This effect can be explained by the different density of the aqueous and oil phases (large size prevents droplet suspension). At this point, formulation quality can be assessed by inspecting the aqueous phase for the presence of excessive latex particles. Opalescence and turbidity would signify inefficient use of latex particles. By adjusting pH, shear rate, and concentration of latex particles, it is possible to form clear (particle-free) aqueous phase, indicating that all particles are involved in droplet stabilization. For the synthesis of colloidosomes, latexes developed at pH 7.5 at 85°C in the presence of 1 wt. % (based on monomer weight) inisurf were chosen. It was our assumption that such latexes, while having a smaller amount of carboxyl groups, exhibit sufficient surface activity to stabilize a Pickering emulsion. After formulating a peroxidized Pickering emulsion, polymerization was conducted to yield hollow colloidosomes decorated with peroxidized latex particles. Table 1 shows data on the properties of the synthesized colloidosomes. The obtained results indicate that several morphological characteristics of colloidosomes can be controlled by variations in oil phase composition (e.g., monomer/HD ratio) and the pH of the aqueous phase.
At the same time, the size of colloidosomes can be adjusted by the pH of the aqueous phase and homogenization parameters (pulse length, sonication intensity), whereas shell thickness depends on the total initial concentration of monomers. SEM measurements confirm that several different colloidosome morphologies can be synthesized using peroxidized latex particles (Figure 9 ).
Although the surface charge of latex particles is essential for electrostatic stabilization of droplets in a peroxidized Pickering emulsion, it can also be disruptive if it is too large. Notably, the colloidosomes prepared at pH 7.5, unlike other samples, did not feature a smooth surface covered with grafted latex particles. Their outer surface shows signs of phase separation during synthesis and an obvious lack of latex particles, possibly due to excessive particle charge at pH 7.5. 
Conclusion
Peroxidized latex particles with variable amounts of carboxyl groups on particle surfaces were successfully employed in the formation of covalently cross-linked colloidosomes using a peroxodized Pickering emulsion polymerization approach.
It was shown that by varying the HLB of the surface of latex particles (the amount of carboxyl and peroxide groups), colloidosomes with several different morphologies can be synthesized.
It was found that the surface charge of the particles is essential for maintaining the stability of the droplets in a peroxidized Pickering emulsion and, thus, the colloidosome formation.
The described synthetic technique allows for fabrication of carrier colloidosome capsules free of surfactant contamination that can potentially leach out during colloidosome application.
